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ABSTRACT A rapid nonradioactive approach to the di-
agnosis of sickle cell anemia is described based on an allele-
specific polymerase chain reaction (ASPCR). This method
allows direct detection of the normal or the sickle cell g3-globin
allele in genomic DNA without additional steps of probe
hybridization, ligation, or restriction enzyme cleavage. Two
allele-specific oligonucleotide primers, one specific for the
sickle cell allele and one specific for the normal allele, together
with another primer complementary to both alleles were used
in the polymerase chain reaction with genomic DNA templates.
The allele-specific primers differed from each other in their
terminal 3' nucleotide. Under the proper annealing tempera-
ture and polymerase chain reaction conditions, these primers
only directed amplification on their complementary allele. In a
single blind study of DNA samples from 12 individuals, this
method correctly and unambiguously allowed for the determi-
nation of the genotypes with no false negatives or positives. If
ASPCR is able to discriminate all allelic variation (both
transition and transversion mutations), this method has the
potential to be a powerful approach for genetic disease diag-
nosis, carrier screening, HLA typing, human gene mapping,
forensics, and paternity testing.

Sickle cell anemia is the prototype ofa genetic disease caused
by a single base-pair mutation, an A -* T transversion in the
sequence encoding codon 6 of the human f3-globin gene. In
homozygous sickle cell anemia, the substitution of a single
amino acid (Glu -* Val) in the B-globin subunit of hemoglobin
results in a reduced solubility of the deoxyhemoglobin
molecule and erythrocytes assume irregular shapes. The
sickled erythrocytes become trapped in the microcirculation
and cause damage to multiple organs.
Kan and Dozy (1) were the first to describe the diagnosis

of sickle cell anemia in the DNA of affected individuals based
on the linkage of the sickle cell allele to an Hpa I restriction
fragment length polymorphism. Later, it was shown that the
mutation itself affected the cleavage site of both Dde I and
Mst II and could be detected directly by restriction enzyme
cleavage (2, 3). Conner et al. (4) described a more general
approach to the direct detection of single nucleotide variation
by the use of allele-specific oligonucleotide hybridization. In
this method, a short synthetic oligonucleotide probe specific
for one allele only hybridizes to that allele and not to others
under appropriate conditions.

All of the above approaches are technically challenging,
require a reasonably large amount of DNA, and are not very
rapid. The polymerase chain reaction (PCR) developed by
Saiki et al. (5) provided a method to rapidly amplify small
amounts of a particular target DNA. The amplified DNA
could then be readily analyzed for the presence of DNA
sequence variation (e.g., the sickle cell mutation) by allele-

specific oligonucleotide hybridization (6), restriction enzyme
cleavage (5, 7), ligation of oligonucleotide pairs (8, 9), or
ligation amplification (10). PCR increased the speed of
analysis and reduced the amount ofDNA required for it but
did not change the method of analysis of DNA sequence
variation. In this paper, we investigated whether PCR could
be done in an allele-specific manner such that the presence or
absence of an amplified fragment provides direct determina-
tion of genotype.
PCR utilizes two oligonucleotide primers that hybridize to

opposing strands ofDNA at positions spanning a sequence of
interest. A DNA polymerase [either the Klenow fragment of
Escherichia coliDNA polymerase I (5) or Thermus aquaticus
DNA polymerase (11)] is used for sequential rounds of
template-dependent synthesis of the DNA sequence. Prior to
the initiation of each new round, the DNA is denatured and
fresh enzyme is added in the case of the E. coli enzyme. In
this manner, exponential amplification of the target se-
quences is achieved. We reasoned that if the 3' nucleotide of
one of the primers formed a mismatched base pair with the
template due to the existence of single nucleotide variation,
amplification would take place with reduced efficiency.
Specific primers would then direct amplification only from
their homologous allele. After multiple rounds of amplifica-
tion, the formation of an amplified fragment would indicate
the presence of the allele in the initial DNA.

MATERIALS AND METHODS
Oligonucleotide Synthesis. Oligonucleotides were synthe-

sized on an Applied Biosystems 380B DNA synthesizer by
the phosphoramidite method. They were purified by electro-
phoresis on a urea/polyacrylamide gel followed by high-
performance liquid chromatography as described (12).

Source and Isolation of Human DNA. All genomic DNA
samples with the exception of the f-thalassemia DNA were
isolated from the peripheral blood of appropriate individuals.
The 18-globin genotype of these individuals was previously
determined by hybridization with allele-specific oligonucle-
otide probes (4) as well as by hemoglobin electrophoresis.
Thalassemia major DNA was obtained from an Epstein-Barr
virus-transformed lymphocyte cell line obtained from the
National Institute of General Medical Sciences Human Ge-
netic Mutant Cell Repository (Camden, NJ). Thalassemia
DNA was isolated from the cultured cells. All DNA prepa-
rations were performed according to a modified Triton X-100
procedure followed by proteinase K and RNase A treatment
(13). The average yield of genomic DNA was -25 ,ug per ml
of blood.
PCR. Hf314A (5'-CACCTGACTCCTGA) and BGP2 (5'-

AATAGACCAATAGGCAGAG) at a concentration of 0.12
,uM were used as the primer set for the amplification of the

Abbreviations: PCR, polymerase chain reaction; ASPCR, allele-
specific PCR.
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normal /3-globin gene (a primer set). Similarly, 0.12 gM
H,314S (5'-CACCTGACTCCTGT) and 0.12 ,uM BGP2 were
used as the primer set for the amplification of the sickle cell
gene (s primer set). Both primer sets directed the amplifica-
tion of a 203-base-pair (bp) f3-globin allele-specific fragment.
As an internal positive control, all reaction mixtures con-
tained an additional primer set for the human growth hor-
mone gene comprised of 0.2 ,uM GHPCR1 (5'- TTCCCAAC-
CATTCCCTTA) and 0.2 uM GHPCR2 (5'-GGATTTCTGT-
TGTGTTTC) (hGH primer set). GHPCR1 and GHPCR2
direct the amplification of a 422-bp fragment of the human
growth hormone gene. All reactions were performed in a vol
of 50 pl containing 50mM KCl, 10mM Tris HCl (pH 8.3), 1.5
mM MgCl2, 0.01% (wt/vol) gelatin, template DNA (0.5
tug/ml), and 0.1 mM each dATP, dCTP, dGTP, and TTP.
Reactions were carried out for 25 cycles at an annealing
temperature of 55°C for 2 min, a polymerization temperature
of 72°C for 3 min, and a heat-denaturation temperature of
94°C for 1 min on a Perkin-Elmer Cetus DNA thermal cycler.
At the end of the 25 rounds, the samples were held at 4°C in
the thermal cycler until removed for analysis.

Analysis of the PCR Products. An aliquot (15 ,u1) from each
of the completed PCR reactions was mixed with 5 u1l of 5 x
Ficoll loading buffer (lx = 10 mM Tris HCl, pH 7.5/1 mM
EDTA/0.05% bromophenol blue/0.05% xylene cyanol/3%
Ficoll) and subjected to electrophoresis in a 1.5% agarose gel.
Electrophoresis was performed in 89 mM Tris.HCl/89 mM
borate/2 mM EDTA buffer for 2 hr at 120 V. At the
completion ofelectrophoresis, the gel was stained in ethidium
bromide (1.0,ug/ml) for 15 min, destained in water for 10 min,
and photographed by ultraviolet trans-illumination.

RESULTS
Experimental Design. The scheme describing allele-specific

PCR (ASPCR) is shown in Fig. 1. Primer P1 is designed such
that it is complementary to allele 1 but the 3'-terminal
nucleotide forms a single base-pair mismatch with the DNA
sequence of allele 2 (Fig. 1B, *). Under appropriate annealing
temperature and PCR conditions, there is normal amplifica-
tion of the P1-P3 fragment with DNA templates containing
allele 1 (homo- or heterozygous), while there is little or no
amplification from DNA templates containing allele 2. In a
similar way, a primer (P2) could be designed that would allow
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FIG. 1. Schematic representation of the ASPCR. P1 and P3,

synthetic oligonucleotide primers that anneal to opposing strands of
a single copy gene. P1 anneals to the region of a gene in the region
of a DNA sequence variation such that its terminal 3' nucleotide base
pairs with the polymorphic nucleotide of the template. P1 is com-
pletely complementary to allele 1 (A) but forms a single base-pair
mismatch with allele 2 at the 3'-terminal position due to one or more
nucleotide differences relative to allele 1 (B).

the specific PCR amplification of allele 2 but not allele 1
DNA.
We designed two 14-nucleotide-long allele-specific prim-

ers, HP314S and Hf314A, complementary to the 5' end of the
sickle cell and normal P3-globin genes, respectively. The
oligonucleotide primers differ from each other by a single
nucleotide at the 3' end, HP14S having a 3' T and Hf314A
having a 3' A corresponding to the base pair affected by the
sickle cell mutation. The oligonucleotide primer BGP2 (7)
complementary to the opposite strand 3' of the allele-specific
primers was used as the second primer for PCR. The
amplification product with these primer pairs was 203 bp.
Also included in each reaction was a second pair of primers
that directed the amplification of a 422-bp fragment of the
human growth hormone gene. These primers were included
as an internal positive control.

Discrimination Between the Normal and Sickle Cell Alleles.
Genomic DNA was isolated from peripheral blood leuko-
cytes of individuals of known 3-globin genotypes (pBA/p8A,
p8A/pS, pSp5S). In addition, DNA was isolated from an
Epstein-Barr virus-transformed cell line containing a ho-
mozygous deletion of the /3-globin gene (pth/pth). DNA was
subjected to 25 rounds of PCR using either the sickle
cell-specific primer set (HP14S and BGP2) or the normal
gene-specific primer set (HP14A and BGP2) using an anneal-
ing temperature of 55°C. The results are shown in Fig. 2A. It
can be seen that a 203-bp fragment is observed using the
sickle cell-specific primer set only with the PA/Ps and Ps/Ps
genomic DNA templates and not with the pA/pA genomic
DNA templates. Conversely, the normal gene-specific prim-
er set only gave rise to an amplification product with pA/pS
and pA/pA genomic DNA templates. As expected, the
thalassemia DNA did not give rise to a f3-globin gene
amplification product with either primer set. The internal
growth hormone gene control gave rise to a 422-bp fragment
in all samples, demonstrating that in no case was the absence
of a globin-specific band due to a failure of the PCR.

In a single blind study, the DNA from 12 individuals with
different /3-globin genotypes was analyzed with the two
primer sets. The results are shown in Fig. 2B. Individuals 1,
2, 3, and 5 are predicted to be BA/,pA; individuals 6, 9, 10, and
11 are predicted to be Ps/s; and individuals 4, 7, 8, and 12
are predicted to be PA/p . In each case, the genotype was
correctly and unambiguously predicted from the pattern of
fragment amplification (see legend to Fig. 2 for clinically
diagnosed genotype).

DISCUSSION
The results presented above indicate the potential usefulness
of ASPCR for sickle cell diagnosis. The method is rapid and
the result is obtained without the use of radioactivity, since
all that is required is to visualize the band on a gel with
ethidium bromide staining. It should be possible to further
improve the technique by elimination of the gel separation
step. One strategy for this is shown in Fig. 3. As proposed
recently by Yamane et al. (15), the two primers for the PCR
could be labeled differently, one with biotin and one with a
fluorescent group such as fluorescein or tetramethyl rhoda-
mine. The product of the PCR could be captured on strepta-
vidin-agarose and the presence of the amplified sequence
could be detected with the fluorescence. In this case, if one
allele-specific primer were labeled with one fluorescent group
and the other were labeled with a different one, then the
ASPCR could be done simultaneously.

In this study, we have used PCR primers that form either
an A-A or a T-T mismatch. It is not clear that other
mismatches will give equally effective discrimination. Since
G-T mismatches are more stable than other mismatches (16),
G-T should probably be avoided when designing primers.
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FIG. 2. (A) Identification of the normal (13A) and the sickle cell
(Ps) alleles by ASPCR. Normal (1A//3A), homozygous sickle cell
(,S/Ps), heterozygous sickle cell (p3A/pS), and homozygous f3-
thalassemia (pth/pth) DNA samples (0.5 g&g each) served as template
using either the normal (a primer set) or the sickle cell (s primer set)
for the ASPCRs. As an internal positive control, all reaction mixtures
contained an additional primer set for the human growth hormone
gene (hGH primer set) that directed the amplification of a 422-bp
fragment ofthe human growth hormone gene. After amplification, 15
,ul from each reaction mixture was subjected to electrophoresis in a

1.5% agarose gel for 2 hr at 120 V. Ethidium bromide staining of the
agarose gel was used to detect PCR amplified fragments. Positive
P3-globin ASPCR can be identified by the presence of a 203-bp
fragment using either the a or the s primer set reaction. As a marker
for the globin-specific fragment, 0.3 jug of plasmid pHPA containing
the normal human globin gene (pA) was amplified with the a primer
set alone (Ml). As a marker for the growth hormone-specific
fragment, 0.1 ,ug of plasmid pXGH5 containing a 3.8-kilobase
fragment of the human growth hormone gene (14) was amplified with
the growth hormone primer set (hGH) alone (M2). (B) A single blind
trial using ASPCR to diagnose the /-globin genotype of genomic
DNA samples. Genomic DNA samples from 12 individuals (4 each
of normal, homozygous, and heterozygous sickle cell individuals)
were randomly assigned numbers 1-12 by the hematology laboratory
and blinded to the investigators. ASPCR was performed using both
the normal (a) and the sickle cell-specific (s) primer sets as described
above. Genotypes were identified as homozygous normal (pA/pA) if
the single 203-bp fragment appears exclusively in the a primer set
reaction, as homozygous sickle cell (js5/,s) if the 203-bp fragment
appears only in the s primer set, or as heterozygous sickle cell trait
(pSA/p3S) if the fragment appears in both reactions. The genotypes of
these DNA samples were previously determined by hemoglobin
electrophoresis (results not shown). The genotypes of the 12 indi-
viduals are as follows: 1, 2, 3, and 5, ,PA/PA; 6, 9, 10, and 11, pA/pS;
4, 7, 8, and 12, ps/ps

This can be done by designing the primer so that it is
complementary to the strand with which it forms an ANC
mismatch. It may be possible to use a competition approach,
as we have previously used to improve the discrimination
provided by oligonucleotide hybridization probes (17). In this

FIG. 3. Schematic representation of a dual labeling system
suitable for the detection of the ASPCR products. One of the
oligonucleotide primers is labeled at the 5' end with a fluorescent
group such as fluorescein or tetramethyl rhodamine (L) and the other
primer is labeled with biotin (B). The ASPCR amplification product
would therefore have the 5' end labeled on both strands. The biotin
is suitable for capturing the amplified fragment on a streptavidin-
agarose column, while the fluorescent group is suitable for measuring
the amount of fragment produced.

case, a competitive primer could be designed that was not
able to prime, for example, by including in it a 3' dideoxy-
nucleotide or a 3' ribonucleotide that has been oxidized. A
mixture of a labeled allele-specific primer complementary to
allele 1 plus an unlabeled priming-defective primer comple-
mentary to allele 2 should then allow the specific amplifica-
tion of allele 1.
The ability of an oligonucleotide to prime on a DNA

template is governed by two kinetic variables: the rate at
which the annealed primer dissociates from the template
before initiating polymerization (roff) and the rate at which the
DNA polymerase extends the primer (rpol). Efficient priming
in PCR should take place whenever r.1> roff, the addition of
the first few nucleotides to the primer then greatly stabilizing
the oligonucleotide-template complex and allowing contin-
ued extension of the primer. For a given primer r.1 is an
intrinsic property of the polymerase. Studies with E. coli
DNA polymerase I have suggested that this polymerase may
be able to discriminate between primers that either do or do
not form a mismatch with the template at the 3'-terminal
nucleotide (18). In this case, rpol for the mismatched primer
was slower than r.1 for the perfectly matched primer. For the
present study, we designed the allele-specific primers such
that the allele-specific nucleotide in the template was com-
plementary to the 3'-terminal nucleotide ofthe primer. In this
way, the 3' nucleotide of the primer specific for one allele
would form a mismatch with the other allele. This design
allows one to take advantage of the difference between rpol of
the perfectly matched and mismatched primers as well as to
optimize primer concentration, priming temperature, primer
length, and primer sequence, all of which will affect the
difference in the roff for the two allele-specific primers.
We reasoned that a set of conditions should exist such that

rpol > r1,ff for the perfectly matched primer, while r.1 < roff
for the mismatched primer. The results shown here clearly
demonstrate this to be true. In our study, the allele-specific
primers were 14 nucleotides long. We found (data not shown)
that discrimination between the pA and 8s alleles was not
possible at low annealing temperatures (e.g., 440C and 50'C).
Presumably the short length ofthe oligonucleotides as well as
the high annealing temperature combined to provide the
discrimination.
Taq polymerase is well suited for using ASPCR for the

discrimination of two alleles that differ by a single nucleotide
because it lacks a 3' -- 5' exonuclease activity (19). Such an
activity would correct the mismatched base pair in the
mismatched primer-template complex and then permit effi-
cient priming with the one-nucleotide-shorter primer. Since

Genetics: Wu et al.
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the specificity of the ASPCR is determined in the initial
several cycles of PCR, the fact that the primer remains
uncorrected enhances the discrimination of the reaction.
PCR is an exponential reaction; the yield of product is very
dependent on the efficiency of each round (5). Only very
minor changes in the efficiency ofeach round ofamplification
have profound effects on the overall yield after many rounds.
For example, if the efficiency of the reaction with the
perfectly matched primer is 90% and with the mismatched
primer is 60%, there would be 73-fold more product produced
in the reaction with perfectly matched primer than with the
mismatched primer.
The ASPCR should find application in the fields of genetic

diagnosis, carrier screening, HLA typing, and any other
nucleic acid-based diagnostic in which the precise DNA
sequence ofthe priming site is diagnostic for the target. In the
case of HLA typing, recent advances have used PCR ampli-
fication followed by allele-specific oligonucleotide hybridiza-
tion for the determination ofDR, DQ, and DP alleles (6, 20-
22). It should be possible to use ASPCR for the direct analysis
of HLA types.
We have recently proposed a process for the simultaneous

determination of multiple polymorphic loci based on the
concept of producing locus-specific amplification products
each with a unique length (23). In such a system, since
ASPCR would produce allele-specific products, the simulta-
neous analysis of the genotype of the target DNA at multiple
loci should be possible.
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